Abstract--Each of the pheromone components of the Western pine beetle, LeC. (Coleoptera: Scolytidae), exo-brevicomin (E) and frontalin (F), were released in the forest at various ratios 0.01 : 1, 0.1 : 1, or 1 : 1 to a constant dose of the opposite component (E or F) plus the host monoterpene myrcene (M), which were each released at 1.5 rag/day. The components were released by a new method that combines the principles of chemical diffusion through a tube with mole percentage dilution of the chemical. Both sexes of D. brevicomis were attracted similarly at comparable ratios (and release rates) of E or F and showed similar logarithmic relationships (r 2 = 0.92-0.99). The bark beetle predator, Temnochila chlorodia (Mannerheim) (Coleoptera: Trogositidae) was apparently less sensitive to E than D. brevicomis, being relatively less attracted to amounts of E equivalent to that released by 70 females, while none were attracted to that from seven females (while this rate still attracted significant numbers of conspecifics). The apparent insensitivity of bark beetles to extreme ratios between pheromone components in contrast to moths is discussed. The advantages of the diffusion-dilution method of releasing semiochemicals compared to previous methods of absorbents, wicks, capillary tubes, and semipermeable plastic membranes are also discussed.
INTRODUCTION
Knowledge of qualitative and quantitative release of synthetic semiochemicals from dispensers is of major importance to the understanding of the chemical ecology of an organism. During isolation of relevant semiochemicals, one must usually dispense volatile compounds in order to evoke certain behaviors which can then be compared to the natural ecology. Thus, scientists are interested in simulating and experimenting with these natural processes by varying the release rates of semiochemicals and quantifying the behavioral reactions. Generally, with a laboratory or field bioassay, the experimenter wants to know (1) the purity of the semiochemical and whether it remains pure during the test and (2) the semiochemical's rate of release and whether it remains constant. One usually wants to release a very pure semiochemical whose purity remains constant and to know that the exact release rate remains constant during the test. Ideally, one should be able to adjust the release rates to any specified amount conveniently and within a range of several orders of magnitude. To date I know of no release methods which allow experimenters this degree of power--but such a method is presented here.
Several methods have been used in varying degrees with advantages and disadvantages for the experimenter. Some of these methods include: (1) release from wicks in bottles containing pure semiochemicals or solvent mixtures, (2) release from rubber septa that have absorbed semiochemical, (3) release from semipermeable plastic bags or vials containing semiochemical, and (4) release from open-ended tubes of glass or other inert material containing semiochemical. These methods, discussed in more detail later, all have one or more disadvantages, such as uneven release rates over time, possible reactive effects on the semiochemicals, or they are inconvenient to specify or vary the release rate (which is often practically limited to a narrow range). In this paper, a new method for releasing semiochemicals, which combines the principles of volatile gas diffusion through a tube (Fick's first law) with Raoult's law of vapor pressures for mixtures of volatile liquids, is presented.
In bark beetles (as in most other previous insect studies), the release of synthetic pheromone components has usually been done at only one level. The level was not necessarily similar to the natural release rate, and often the experimenter had only a rough estimate of the degree of correspondence (Roelofs, 1979) . In fact, a compound cannot be properly termed a semiochemical until the synthetic release and behavioral response is determined at levels that correspond to the natural biologic condition. This is a major problem in chemical ecology and, until quite recently, has generally been ignored because of practical difficulties. Natural release rates of pheromone from bark beetles, which must feed in order to produce it, have been especially difficult to measure because of the low amounts relative to host volatiles (Schlyter et al., 1987a) . Browne et al. (1979) and Schlyter et al. (1987a) are among the few who have determined the average release rate of pheromone from bark beetles feeding in a host tree. The former estimated that a female Western pine beetle (Dendroctonus brevicomis LeC. (released her pheromone component, (+)-exo-brevicomin (E), at 4.1/zg/day, while the male released his component, ( -)-frontalin (F), at 0.86/zg/day. Together these two components with the host monoterpene myrcene (M), released by boring activity at 410 #g/day/entrance hole (Browne et al., 1979) , are equally attractive to both sexes (Wood et al., 1976) . Tilden and Bedard (1985) have used these component ratios to test three release rates over two orders of magnitude (1 x, 10 x, and 100 x) compared to similar levels of a 1 : 1 : 1 (E : F : M) ratio. Their release rates of the active enantiomers of the 1 : 1 : 1 mixture at the 1 x level began at amounts equivalent to that released by 52 females and 220 males according to calculations based on the results of Browne et al. (1979) , assuming beetles release pure enantiomers (Stewart et al., 1977) . The highest level (100 x) was equivalent to 5200 females and 25,000 males. Tilden and Bedard (1985) also tested a 5 : 1 : 400 (E : F : M) ratio at 1 x, 10x, and 100x (i.e., 87 females and 76 males at 1 x), but since the ratios of more than one component were varied simultaneously and the levels of all components were different from the 1 : 1 : 1 ratio and level, they could not easily determine the effects of various component ratios. Very few studies, in fact, have investigated the behavioral effects of pheromone component ratios in Scolytidae (Schlyter et al., 1987b) .
Therefore, the purpose of this study was to test the effects of changing the ratio of either E or F relative to a standard 1 : 1 : 1 (E : F : M) bait on the attractive response of both sexes of D. brevicomis. Since Tilden and Bedard (1985) had investigated the effects of release rates equivalent to large beetle aggregations, it was decided to decrease the amounts released of either component from about 3.5 x (183 females and 872 males) down to .035 x of their lowest rate or about two females or nine males. In order to obtain these low release rates, a new semiochemical release method, termed "diffusion-dilution," was developed and applied.
METHODS AND MATERIALS
Diffusion-Dilution Method of Semiochemical Release. Fick's differential equations describing diffusion can serve to determine the instantaneous rate of release of a semiochemical from a capillary tube:
Where: r = radius of the tube, D = diffusion coefficient, C2 = liquid concentration, C1 = 0 (assuming convection carries vapor away), and x = distance between tube opening and meniscus level of liquid (Villars and Be-nedek, 1974 ) (* = BASIC symbol for multiply). More complicated equations (Brooks, 1980) are needed to describe the release over time as the level of liquid decreases in the tube. In practice, however, it is usually more accurate to measure the release rate over the expected experimental period because one does not know precisely the diffusion coefficient (D) and other contributing factors (e.g., meniscus curvature, surface tension, and temperature effects). Tilden and Bedard (1985) and others (Browne, 1978; Byers and Wood, 1980; Byers, 1982; Tilden et al., 1983 ) have used 52-mm-long x 3.5-mm-ID glass tubes sealed at the bottom to dispense exo-brevicomin (E) and myrcene (M) by filling the tubes to a level about 40 mm below the opening. Similarly, they have used 62-ramlong x 2.2-mm-ID tubes to dispense frontalin (F) by filling to a level about 50 mm below the opening. At these distances, diffusion is rather constant over time (pseudo zero order; Brooks, 1980) , and so the measured release rate of each has been considered constant at about 1.5 mg/day (Tilden and Bedard, 1985) .
The concentration (Cz) is actually the vapor pressure of the semiochemical, and this can be varied according to Raoult's law, which states that the vapor pressure (release rate) of a volatile substance (semiochemical) is proportional to its mole fraction in a solvent. The following equation can then be derived for purposes of diluting semiochemicals with solvent in order to obtain a specific semiochemical release rate:
Where: mls = milliliters of solvent; fws = formula weight (= molecular weight) of solvent; gs = grams solvent per milliliter (density); gsem = grams of semiochemical; fwsem = formula weight of semiochemical; and fsem = mole fraction of semiochemical (0 < fsem <_ 1). For example, a stock solution of E in ethanol that would yield a release rate 10% that of a neat solution and that is to be made using 0.5 g of E would require 0.52 ml of E (0.5 g * ml/ 0.96 g) and 1.6 ml ethanol ([46 g/mole * (0.5 g/156 g/mole -0.1 * 0.5 g/156 g/mole)/0.1] * ml/0.828 g). Stock solutions of E in ethanol that should release about 1%, 0.1%, 0.01%, and so forth, that of a neat solution can then be made simply from the 10% solution by serial 1 : 10 (1 + 9) dilutions.
Testing Pheromone Component Release Rates on Beetles. Field tests of D. brevicomis pheromone component ratios were conducted in the Sierra National Forest near Bass Lake, California, at 900 m elevation, August 20-30, 1985 . Various release ratios of E to F + M or F to E + M were composed, based on the formula above, using ethanol as the diluting solvent and the appropriate glass tubes (each component alone) of Tilden and Bedard (1985) described above (Table 1, Figure 1A ). Tubes with fresh solution were replaced each morning in order to minimize release rate errors due to differential loss of the ethanol and the consequent effect on concentration of the semiochemical. Two groups (about 100 m apart) of eight sticky traps each (6-mm mesh metal-screen cylinder, 19 
RATIOS) AND Temnochila chlorodia ON STICKY TRAPS RELEASING VARIOUS RATIOS OF ETHANOL (A), FRONTAHN (F), exo-BREVICOMIN (E), AND MYRCENE (M)
Component release rates a Male aE, F and M were each released at approximately 1.5 mg/day or fraction thereof. bSex ratios were not significantly different (P > 0.05, X 2) 95% BCL = 95% binomial confidence limits. CA (ethanol) was released from E-tubes at about 66 mg/day. dA (ethanol) was released from F-tubes at 21 mg/day. eWilcoxon matched-pair tests indicated catch was significantly different from the catch on the corresponding 10% serial rate (or control for the 0.01 rate) within the same sex at P < 0.05 (*) or P < 0.01 (**). The mole percentages of semiochemical (e) and solvent (O), e.g., 10% and 90% as shown, determine the corresponding release rates of each compared to respective neat solutions as controlled by the diffusion rate through the tube. Dispenser B is preferable to dispenser A because the larger reservoir remains practically constant, both in concentration and level, as does the release rate, during prolonged periods of release. cm diam. x 30.5 cm high, coated with Stikem Special placed at 1.2 m height; Bedard and Browne, 1969) contained the respective baits (Table 1) in sun/wind protective dispensers (Byers and Wood, 1980) . The traps were randomized each day (six, 1-day replicates/trap) within a group and were spaced 25 m apart on a line. D. brevicomis and Temnochila chlorodia (Mannerheim) were collected each day and their sex was determined.
D. brevicomis T. chlorodia
Wilcoxon matched-pair tests were used to compare the male and female catches on the 1 : 1 : 1 (E: F : M) ratio to their corresponding catches on the 0.1 E or 0.1 F ratios, and these ratios were compared to corresponding 0.01 dilutions, while the 0.01 dilutions were compared to each of the components alone. Binomial confidence limits for sex ratios were calculated (Byers and Wood, 1980 ) and compared for significant differences with chi square. The relationships of E or F release (mg/day) with trap catch (E:F:M = 100%) were determined using several regression equations [power, exponential, logarithmic, linear, Y = a + bX 2, and Y = a + b/X].
RESULTS
The alcohol-diluted E and F tube dispensers seemed to yield the predicted release rates based on the logarithmic relationship with the catch of D. brevi- comis (Figure 2 ). The increases in catch of each sex to increases in either component were in most cases statistically significant for each 10-fold increase in release (Table 1) . However, the catch on the 1 : 1 : 1 ratio at 1.5 mg each/day was not significantly different from that on the 0.1 E or 0.1 F releases. The sex ratios of catch on all pheromone component ratios and rates were comparable and not significantly different based on chi-square analysis (Table 1) . However, on the E or F components alone there is an indication of sexual preferences, but the numbers are too low for reliable statistics. It is interesting to note that the total catches for each of the component ratios at a particular release rate were similar, as were the catches of each sex (Figure 2 , Table 1 ). Ethanol (A in Table 1 ) was perhaps not the most appropriate choice for solvent as some "less aggressive" bark beetles use it to locate hosts (Moeck, 1970; Klimetzek et al., 1986) . However, ethanol did not appear to be attractive to D. brevicomis when presented alone, although the possibility remains that it might have enhanced the attraction to the pheromone components. Logarithmic relationships (linear increase in attraction with 10-fold increases in pheromone release) are usually expected for dosage-response curves. T. ehlorodia was caught in a pattern consistent with an attraction to E only, as noted previously (Bedard et al., 1980) . However, both sexes seem equally responsive to release rates of E, and they seem less sensitive than D. brevicomis because proportionately less were caught on the traps with the 0.1 and 0.01 E releases (Table 1) .
DISCUSSION

Diffusion-Dilution Release of Semiochemicals. Let us first consider diffu-
sion from the glass tube with a neat solution of semiochemical in which the release rate is inversely proportional to the depth of the meniscus level in the tube (equation 1). If we assume an average release rate of F of 1.5 mg/day over 10 days, according to Tilden and Bedard (1985) , when the meniscus changed from 53 below the top (as it was similar to this, see Methods and Materials) to a level 4 mm lower after 10 days (about 14.5 mg loss), then the beginning instantaneous rate on the first day should have been 1.56 mg/day and the ending rate 1.45 mg/day (equation 1). Another viewpoint is that the change in meniscus level is inversely proportional to the square root of time (Brooks, 1980; Kydonieus, 1980) . Thus, if we begin with a release of 12.4 mg/day at t = 1, solved by successive approximation by computer, with a nearly full tube of F, then after 63 days of elution we would expect a rate of 1.56 mg/day and, 10 days later, about 1.45 mg/day (as above). The assumed total release 1~732 12.4/ t~'~t = 1 (t/10)-~/2] would equal 206.5 mg, which corresponds to a meniscus level change in the F tube of 57.1 mm, close to our 57-mm ending level assumed above.
These calculations indicate that for all practical purposes the release rate is constant (pseudo zero order) for a particular test period. This is true as long as the meniscus is relatively far from the tube opening and the level does not change much, such as when low amounts are released from a not-too-volatile substance (pheromone). The advantage of tube dispensers is that the release rate can be immediately adjusted to the pseudo constant rate by placing a small amount at a level several centimeters from the opening. The weight and volume changes can also be easily determined by weighing and by measuring meniscus level changes.
Larger release rate discrepencies should be expected when using the above diffusion method with diluted semiochemical (diffusion-dilution), although they should be much less than an order of magnitude used here. The solvent used was ethanol, which is not too volatile for a solvent (bp 78.5 ~ vapor pressure 61-122 mm at 26-36~ but much more so than M (2.06-3.42 mm at 26-36~ which, based on the neat release rate, is similar to E). However, the higher volatility of ethanol meant that proportionately more was released than E or F over time, which would cause the mole percentage of these compounds to increase during the day. Thus, at most we would expect an increase of E or F release of 43 % during the 10-h flight period (0900 to 1900 hr) based on the measured loss of ethanol in the tube (30% of total). Since some E or F also was released, the actual increase was less than 43 %.
A compensatory phenomenon was simultaneously occurring since the meniscus level also fell about 30%; this would cause the reverse effect and diminish the rate of release (at most 9%). These partially compensating effects occurred throughout the day, so the error in release rate became larger with time. However, variation in temperature probably had effects at least as, or more, severe (up to 100% as seen from the vapor pressures over the daily temperature range, above). Absolute errors on the order of 10% could be possible if calibration had been at sea level but testing was at higher altitudes (L.E. Browne, personal communication) . In any case, these errors during the course of the day were on the order of less than 50-100%, insignificant compared to the 1000% differences between each serial 1 : 10 dilution.
The tube-type release device is adequate for most experiments, but if tests for longer periods and constant rates are desired, a similar device with a larger reservoir is preferred ( Figure 1B ). Both dispensers shown in Figure 1 would have the same release rate initially since their openings and diffusion distances are identical. However, as noted above, after a time both the concentration of semiochemical and diffusion distance change in the tube, while a similar release from the larger reservoir has little effect (Figure 1) . Many other solvents could be used. Theoretically, it is desirable to have a solvent that has chemical properties and polarity similar to the released semiochemical. Work is now underway to determine the release rates of various semiochemicals in different solvents by means of porapak Q volatile collections and quantitative gas-liquid chromatography.
Comparison with Other Controlled Release Methods. The first dispensers that released synthetic bark beetle pheromones used filter paper (Wood et al., 1967) or metal tubes containing gas-liquid chromatographic packing to hold the compounds until they evaporated (Wood et al., 1968) . Since then, experimental elution devices have included four major types. The first type uses various absorbent materials, such as rubber septa, and is widely used with moth pheromones. Depending on the absorbent, this type generally has release curves that decrease exponentially or geometrically, thus being rather constant after several days of elution. I believe this method is less desirable because the rates change dramatically soon after application, and it is difficult to specify and vary the release without much laborious measurement. A second method has used wicks dipped in semiochemical (Tilden et al., 1979; Bedard et al., 1980) , but the inexact surface area and physical properties of wicks make it difficult to either specify or vary the release accurately. A third method uses semipermeable plastic bags or vials to enclose semiochemical (Vit6 et al., 1986; Klimetzek et al., 1986; Schlyter et al., 1987b) . This results in a constant release rate that is proportional to the thickness of the plastic and its surface area (Kydonieus, 1980) . However, it is easy to see that release rates over several orders of magnitude are impractical due to the limitation of dispenser sizes. Furthermore, much testing is needed for each particular vial or bag to determine the release rate, so rates cannot be specified over a broad range. In all these methods, the absorbent, wick, or semipermeable plastic could have degrading effects on a particular semiochemical which would not be expected if inert materials are used.
The "test-tube" type dispenser used here has many advantages over the other three methods in that glass will not affect the semiochemical, and the rate can be specified depending on the area of the opening and the level of the liquid. The criticism of Kydonieus (1980) that capillary reservoir systems have parabolic curves of release (large amounts initially) can be easily overcome by using tubes with liquid levels that are several centimeters from the top opening. The major problem has been that a large array of tube sizes is needed (which cannot be varied freely) to encompass several orders of magnitude in release, the same problem as with the plastic bags. However, by mole percentage dilution, one can specify any desired rate that is less than a known rate of a neat semiochemical. A mixture of semiochemicals probably could be released from one dispenser solution if their mole percentages were relatively small (< 10 % of neat). These small mole percentages would tend to minimize any unpredicted effects on both vapor pressures and possible physical interactions between semiochemical molecules.
Attraction to Pheromone Component Ratios. Both male and female D. brevicomis had similar attraction levels over the concentration range of either E or F (with constant release rates of M and the opposite component). In fact, one may find it somewhat surprising that all the logarithmic relationships were very similar (see Results, Figure 2 ) because males seem to prefer E alone while females prefer F alone Vit6 and Pitman, 1969; Pitman and Vit6, 1971; Hughes and Pitman, 1970; Byers, 1987) (Table 1) . On the other hand, Byers and Wood (1981) found that both sexes were equally responsive (logarithmic relationship) at each step in a concentration range of E : F : M coveting five orders of magnitude in the laboratory. Similarly, regression analysis of the results of Tilden and Bedard (1985) shows that D. brevicomis males and females have logarithmic attraction levels to increasing E : F : M release rates (r 2 = 0.82-0.99) at a center trap and traps 5 m away. Furthermore, the separation of E and F components either horizontally or vertically from 0 to 3 m (perpendicular to the mean wind) decreased the catch on each component but more or less equally for both sexes (Byers, 1987) . Thus, except for the components alone, the sexes seem to respond equally to all comparable ratios and concentrations of E:F. This suggests that each component is equally important and has a similar function in the synergism and in the orientation to sources.
In contrast, Schlyter et al. (1987b) varied the ratios and rates of release of (-)-cis-verbenol (cV) and 2-methyl-3-buten-2-ol (MB), keeping one or the other constant, and found differences in the response of L typographus to each component. They suggested that MB was more important for close-range orientation, while cV was more important further downwind from the source. Their theory was based largely on differences between catches on traps placed at the source and those placed a few meters away. However, regression analysis of their results indicates both MB and cV have logarithmic relationships (r 2 = 0.88-0.98) of concentration ratio and catch on both "close and long-range traps." Further work on component release ratios with traps at varying distances from the source is needed for both bark beetle species before we can form definitive theories on the function of the synergistic components during the upwind orientation to pheromone.
The release of various extreme component ratios is rather unnatural. A 1 : 100 ratio of F : E (0.01 F) at 1.5 mg E/day would simulate nine males with 183 females, which probably never occurs in nature. Despite these extreme sex ratios of simulated feeding beetles, the responses of D. brevicomis to the above ratio (0.01 F) or to 872 males with two females (0.01 E) were still significant, catching about 34% and 39%, respectively, as many beetles as that on E:F (872 males and 183 females).
In contrast, some moths can be exceptionally sensitive to component ratio variations of as little as 10% or less when the synergists are E and Z isomers of long-chain monounsaturated acetates (Roelofs and Card6, 1977; Card6 and Baker, 1984) . As shown here and by Schlyter et al., (1987b) , one reason bark beetles may be less sensitive to component ratios than moths could be because they must respond to ratios from various grqups of beetles and not to a "preferred" individual with a consistent ratio. Initially the beetle aggregation would be composed of small numbers so the variation in semiochemical ratios would be expected to be rather large until later when a statistical mass-average would result. However, male moths would be better adapted if they were able to respond to the individual variation in ratios of many potential female mates--this variation is theoretically larger than the variation between small populations, all other things being equal. Another possible reason is that bark beetles often synthesize pheromone components from monoterpene precursors in the tree, where we expect a large variation (Sturgeon 1979) , whereas moths synthesize their components de novo (Bjostad and Roelofs, 1981) . This could explain the insensitivity of I. typographus for cV:MB ratios since cV is made from c~-pinene in Norway spruce (Klimetzek and Francke, 1980) . In D. brevicomis, biosynthesis of F does not seem to be affected by the host, while E is only produced by the female during feeding (Byers, 1983a ), although we do not know if a host precursor is involved. Finally, both L typographus and D. brevicomis are faced with a changing ratio between pheromone components during the colonization of a tree, introducing even more potential variation (Birgersson et al., 1984; Byers et al., 1984) .
Pheromone Qualification. The term "pheromone" was defined by Nordlund (1981) in his semiochemical glossary as "a substance that is secreted by an organism to the outside that causes a specific reaction in a receiving organism of the same species." Using this definition without the implicit quantitative qualification, it is possible to believe erroneously that one has identified a "pheromone" when in fact the substance is irrelevant. This is because many secreted substances, if presented in unnaturally high concentrations, could cause a specific reaction (death or repellency and possibly inhibition, interruption, or disruption of other behaviors). Furthermore, many substances are believed to be active only in small amounts relative to other pheromones, e.g., verbenone in D. frontalis (Rudinsky 1973) , 2,3-MCH in D. pseudotsugae (Rudinsky and Ryker, 1980) , or ipsdienol in L typographus (Schlyter et al., 1987c) . Some bark beetle pheromones are attractive at lower release rates but become progressively less attractive to the male sex only, e.g., L paraconfusus (Byers, 1983b) and L typographus (Schlyter et al., 1987b,c) . Many moth species are known to be disrupted by higher, and unnatural, concentrations of their pheromone (cf. Card6, 1984) . Therefore, in order to properly define an isolated substance as a certain type of semiochemical, one should have a knowledge of the natural secretion rate compared to the effects of release of synthetic substances on the receiving organism in relation to its ecology. It is hoped that the diffusion-dilution method presented here will aid chemical ecologists in answering the second question concerning release rates of synthetic compounds.
